In the past decades, nutrient concentrations in several pre-Alpine lakes in central Europe have increased due to human activity in the catchment area. Here, we examine whether this trend will continue in the future, through our analysis of the development of the trophic status, over a period of 25 years
Introduction
The investigation of nutrient inputs into aquatic ecosystems, especially into freshwater lakes, is a very pertinent issue in current limnological research. A lake's water quality is very strongly related to the development of its trophic status, which in turn depends upon anthropogenic activity in the catchment area. In the past three decades, nutrient concentrations in several pre-Alpine lakes in central Europe have increased due to human activity in the catchment area (Lenhart 1993 , Güde et al. 1998 , Salmaso et al. 2007 ). In recent times, greater control and better management measures to prevent high input rates of nutrients due to anthroeschweizerbart_XXX pogenic pressure have led to an improvement in the trophic status of many aquatic ecosystems (Lenhart 2000 , Rinke et al. 2009 , Tadonléké 2010 .
Many lakes in the northern and southern foothills of the Alps have undergone similar changes. These lakes may be of a similar size but have different landuse characteristics, for example: Lakes Como, Garda, Maggiore and Iseo (Salmaso et al. 2007 ), Lake Constance (Rinke et al. 2009 ) and Lake Zurich (Livingstone 2003) .
In this context, Lake Ammersee in the South-Eastern part of Germany, given its close proximity to urban areas such as Munich, Augsburg, Landsberg and Weilheim, is a very interesting example of a pre-Alpine, dimictic temperate lake. The lake and its catchment area are representative of this type of central European water body and therefore will allow for pertinent analysis of how the lake responds to anthropogenic influence. Until the late 1970s, the lake underwent a distinct phase of eutrophication, primarily as a result of increased urbanisation, detergent use and intensification of agriculture in the catchment area, reaching yearly mean total phosphorus (TP) concentrations of 60 µg l -1 (Ernst et al. 2009 ). Paleoecological studies of the sediment in the lake confirm this phase of nutrient load reduction in varved sediments. Together with the long-standing results of limnobiological and limnophysical investigations, a comprehensive archive of a period of several decades of historical use and trophic history of Lake Ammersee has been established (Alefs & Müller 1999 , Wöbbecke et al. 2003 .
More precisely, eutrophication levels in Lake Ammersee reached their peak in 1975 (Rücker et al. 1999) . It was assumed that TP loads decreased from about 34 t yr -1 (during the acquisition period for that value of 1975 -1984) to between 3 to 3.5 t yr -1 (during the acquisition period for that value of 1993 -1997) (Lenhart 2000) . Moreover, new sewage treatment plants and rain retention basins were constructed in the region. In 2006, the operators of the wastewater treatment plant Weilheim put a second final clarification basin into operation and the Oberammergau treatment plant was extensively renovated in the late 1990s. The effects of these management interventions on the development of the trophic levels of Lake Ammersee have not been the subject of larger scale investigations. However, changes in the trophic levels have had an impact on plankton and fish fauna of the lake. Ernst et al. (2001 Ernst et al. ( , 2009 maintained that due to an increasing oligotrophy the metalimnic Planktothrix has developed into one of the most dominant planktonic species in Lake Ammersee, possibly causing regular blooms, which, in turn, has had an impact on fish communities e.g.
Coregonus lavaretus.
On the other hand, despite anthropogenic influence, and parallel to this process of re-oligotrophication, temperatures have been increasing in the northern hemisphere since the end of the 19 th Century (Solomon et al. 2007) . In this respect, an investigation of Lake Ammersee will be very pertinent since it may be possible to detect the difference between anthropogenic impact and possible alterations due to climate change. In fact, Danis et al. (2004) studied Lake Ammersee as an example of a dimictic temperate lake in order to analyse the thermal vulnerability of European lakes in response to future climate change. Therefore, the results and conclusions of this study concerning Lake Ammersee can be also compared to other lakes in central Europe regarding different land use in the catchment area. In order, therefore, to be able to analyse the possible effects of recent climate change on the potentially oligotrophic lakes in central Europe, one has to select a lake basin which has shown increased levels of eutrophication in the last century, but which also provides a very long data set, as is the case with Lake Ammersee. This allows not only an analysis of the trophic evolution of the lake, but also an analysis of the interactions that may exist between direct anthropogenic impacts and potential effects arising from supra-regional climate change. In central Europe, there are only a few lake study sites which provide data over such a long observation period without interruption and with comparative regularity.
In southern Europe, recent studies have shown the impact of recent climatic changes on wetlands (Sousa et al. 2010) , lakes in fluvial valleys or lowlands (Valero-Garcés et al. 2006 , Martín-Puertas et al. 2008 , or lakes in low or high mountainous ranges (Granados & Toro 2000 , Catalán et al. 2002 , Rull et al. 2011 . These studies, together with the analysis of regional climate models, explain that in southern European regions, such as the southern part of the Iberian Peninsula, it can be assumed that most of the expected effects of climate change are most likely not related to climate change unless there had been human impact in former times (Álvarez-Cobelas 2007) . Hence, there are two processes (anthropogenic and climatic) which occur at the same time.
In this study, we investigate the direct anthropogenic and supra-regional climatic impacts triggered by global warming on Lake Ammersee. Therefore we address the following questions: (1) Has the trophic status of Lake Ammersee changed in the last 25 years? (2) How do past water management activities in the Ammersee catchment area affect the trophic development of the lake? (3) Is there a relationship between trophic variables like chlorophyll-a concentration and the water transparency or oxygen content in the lake? (4) Is there a correlation between the changing climate signal and the trophic level of the lake? And, furthermore, is it possible to distinguish between this supra-regional climate effect and direct anthropogenic pressure (by land-use history)?
To answer these questions we analyzed: (1) changes in the trophic status of Lake Ammersee from 1984 till 2009; (2) trends in trophic parameters, taking into account the history of land use in the catchment area; (3) the statistical relationship between chlorophyll-a concentrations and oxygen concentrations at different depths, as well as the water transparency in the lake; (4) thermal trend changes in air and water temperature in relation to limnophysical reactions of the lake and to alterations in land use in the catchment area.
Study area
The area of investigation for this study is Lake Ammersee (Upper Bavaria, Germany) and its hydrological catchment area. This lake is situated 3,5 km southwest of the city of Munich. The geographical setting, with the location of the measuring points used in the investigation, is shown in Fig. 1 .
Lake Ammersee is typical of the many northern pre-Alpine lakes. It is the third largest water filled basin in Bavaria and the most northerly of the pre-Alpine lakes. Lake Ammersee has a glacialmorphologic origin and was formed mainly during the Quaternary, in particular over the period of the Würm time (Liedtke & Marcinek 2002) . In late-glacial time, the glaciers melted away and left behind large basins which were subsequently filled with melting water over the course of time. This origin is comparable to that of many other lakes nearby (e.g. Starnberger See, Pilsensee, Fig. 1 . Location of study area and bathymetric map of Lake Ammersee.
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Wörthsee). The lake is three times longer than it is wide (Fig. 1) . The longest distance in the N-S direction extends about 15 km and the broadest point in the W-E direction is approximately 5 km wide. Near to the northern and the southern lakesides are large fens created by processes of siltation. The lake is supplied predominantly by the waters of the Ammer at the southern part and is drained by the Amper in the northern part of the lake. An overview of the physical and geographical characteristics of the lake is given in Table 1 .
The geographical location of Lake Ammersee in a densely populated area has specific consequences for lake-chemical composition. The catchment area is affected by agricultural land-use, predominantly grazing management. Therefore, hygienic conditions in various Bavarian lakes have deteriorated dramatically since the 1950s (Lenhart 1987) , not only in Lake Ammersee. A District Water Board, to ensure appropriate remedial measures, was established. A very successful long term intervention was the construction of a ring drainage system around Lake Ammersee, a measure which was also adopted around other lakes in the area, for example: near Pilsensee, Wörthsee and Starnberger See. Although these activities improved the water quality of Lake Ammersee, further eutrophication in the lake could not be effectively prevented. Even the construction and commissioning of the sewage treatment plant at the lake inflow in 1971 led to no significant improvement (Vollenweider 1979 , Lenhart 1993 . The sewage treatment plants in the settlements at Oberammergau, in Etttal and at Peißenberg were expanded with phosphorus-removal procedures in order to significantly reduce the P-load of the Ammer tributary. Furthermore, in the 1980s, the sewage treatment plants at the Ammer, by eliminating phosphates, helped to reduce the legacy of eutrophication, and to aid this further, lower limits of phosphorus concentrations in detergents were agreed by law (Alefs & Mül-ler 1999) .
It is possible to draw meteorological data from the Hohenpeißenberg Observatiorium, one of the oldest weather stations in Germany (established in 1781), under the jurisdiction of Germany's National Meteorological Service. This meteorological measuring station is about 18 km away from the centre of Lake Ammersee, the central point of limnological measurements analysed in that investigation, and it is about 300 m higher than the altitude of the lake level. The station has provided some of the longest and reliable data sets in Europe (Winkler 2006) .
Methods

Sampling
Limnological measuring has a long history at Lake Ammersee because the Bavarian Environmental Agency must, as a result of legislation, control the lake's water quality. The Authority provides data consisting of chemical and biological indicators (Schaumburg 1996) at the deepest point of the lake at a depth of 81.1 m, at the inflow (Ammer) and at the outflow stream (Amper). Previously, samples were taken at intervals of at least every 2 m (near to the surface) and at 10 m (in deeper zones). Nowadays, measurements are taken at one metre intervals down to a depth of 20 m. Below the 20 m line, sampling is at 10 m intervals down to the deepest point of the lake. Furthermore, there is a measuring point one metre above the bottom of the lake. The frequency of annual measurements, depths of measurement points, as well as all analysed indicators are shown in Table 2 .
Water temperature and oxygen concentrations were measured in situ using WTW (Wissenschaftlich-Technische Werkstätten GmbH, www.wtw.com) equipment. The thermistor has a sensitivity of ± 0.05 K. Dissolved oxygen concentration readings were taken using an electrochemical measurement method . In 1984 insufficient oxygen data were collected in the metalimnion to allow for a reliable interpretation. Analysis of TP, chlorophyll-a and visibility of Secchi disc depths (for study of water transparency) were carried out using methods in compliance with the German Industrial Norm (DIN 38414 1986) or in line with the European Community Standards for sampling, conservation and storage. In 1991, no chlorophyll-a measurements were carried out. Epilimnion, in this investigation, concerns the layer of water between the surface and a depth of 10 m, and the metalimnion refers to the layer of water between 11 to 20 m. The hypolimnion is defined as starting at a depth of 30 m descending to the deepest point of the lake.
Data analysis
Data records were collected in a project data base and checked twice for erroneous values. In this study, data collected between the years 1984 to 2009 were analysed. The main method of this investigation was an analysis of the meteorological and limnological data base to ascertain characteristic temporal trends employing statistic methods. To discern a change point in the anthropogenical influence time series, we applied the MannWhitney-Pettitt-Test (Pettitt 1979 ) using a software developed by Štěpánek (2008) . In our investigation, we used the temporal development of TP distribution in the lake as an indicator for more or less anthropogenic induced nutrient load by the main tributary Ammer. To detect the significance of temporal trends, we applied a Mann-Kendall-Test in order to estimate the Q Sen's value to detect the gradient of monotonic trends. These calculations were made using a MS EXCEL spreadsheet provided by Salmi et al. (2002) .
The Schmidt-stability (KJ m -2
) is the energy that would be required to transform the observed vertical density in a lake profile into a uniform distribution. It was estimated according to improvements made by Idso (1973) :
where A 0 is the surface area of the lake (m 2 ), A z is the lake area at depth z (m), ρ z is the density (kg m -3 ) calculated from the temperature at depth z, ρ* is the volume-weighted mean density of the water column, z* is the depth where the mean density occurs, dz is the depth interval and g is the acceleration due to gravity (m s -2 ) (Gaiser et al. 2009 ). A GIS-Analysis, to calculate the volume zones of the basin, based on the soundings of the Bavarian Office for Surveying and Geographic Information (2010) with contours at 1 m intervals, was used to calculate lake morphometry. To calculate the density values and to define the stability, we used the guidelines provided by Schmidt (1928) which were supplemented by our own calculations. Before estimating the stability density, calculations were made following the method proposed by Chen & Millero (1986) .
Results
Explanations will be presented in two sections. The first section concerns analysis of changes in the trophic level at Lake Ammersee. In the second section we investigate changes in the thermal trends of the body of water.
Development of trophic parameters for Lake Ammersee
We are going to present the results corresponding to the physical-chemical and biological variables that describe the evolution of the trophic status of the lake 0, (1)*, 2, (3), 4, (5), 6, (7), 8, (9), 10, (11, 12, 13, 14), 15, 20, 40, 60 , (75) during the last 25 years. Therefore, we examined the development of the concentrations of oxygen, TP, chlorophyll-a and light permeability in the body of water (Table 3) . As expected, the oxygen concentrations vary in accordance with the different layers of the water body (Fig. 2) . From 1984 to 2009 the mean values in the different horizontal sections of the lake oscillated between 10.34 and 9.74 mg l -1 , although some extreme values were observed (a maximum of 19.3 mg l -1 in the epilimnion and a minimum value of 0.1 mg l -1 in the hypolimnion).
In the last 25 years, a significant trend has been an increase in oxygen concentrations in all the different layers of the lake. However, clear interannual fluctuations are visible and the different layers show particular characteristics. The highest values were reached in the middle of the 1990s, as is especially visible in the epilimnion (Fig. 2a) . Applying the Mann-Kendall-Test for the epilimnion waters, a significant trend (n = 26, p < 0.05, slope (Q) = 0.016) was detected.
For ecological considerations, especially concerning the living conditions of some nekton species, the oxygen concentrations in the metalimnion, which have been plotted in Fig. 2b , are very significant. In the mid-1980s, during the years 1985 -1987, the minima were below 4 mg l -1 or 5 mg l -1
. In the final decade of the last century, this trough of oxygen increased again in stages, except in certain years, such as in 1990. On 18 September 1990, at a depth of 13 metres, the absolute low point of 0.8 mg l -1 could be detected. Further analysis of the values clarified that these low oxygen concentrations in the 1990s were one-off occurrences. At the end of September 1991, the annual average minimum concentrations had risen to 3.4 mg l -1 and a year later the minimum concentrations for oxygen were over 5 mg l -1 . Furthermore, in the last part of the 1990s, low trough concentrations could be measured but were not, on average, below 4 mg l -1 . Therefore, it must be noted that in recent years, the trough of oxygen in the thermocline has gradually increased with a significant trend (n = 25, p < 0.001, slope (Q) = 0.016).
In the hypolimnion (Fig. 2c) , the development of oxygen concentrations is different. From 1984, the total oxygen conditions in the hypolimnion gradually improved, until the years 1990 and 1991, when lower average oxygen concentrations, of less than 8 mg l -1, were identified. The last decade of the 20 th century ended with annual averages of oxygen concentration in the hypolimnion of more than 10 mg l -1 , which were the highest values ever measured in the whole period of investigation. Over the total period of research, the statistical analyses of the hypolimnion oxygen concentrations do not show a significant trend.
In summary, in the epilimnion and metalimnion the oxygen supply in the water improved significantly, but in the hypolimnion layer no clear trend is detectable.
Another trophic level indicator for surface waters is the TP concentration. Fig. 3 shows the annual average values with standard deviation bars of the nutrient phosphorus (TP in µg l -1 ) in Lake Ammersee. In the epilimnion (0 -10 m), in the complete water column (0 m-lowest point) and also in the deeper zones of the lake (80 m or 1 m above lake bottom), there has been a clear decrease in TP concentrations (see Fig. 3a  and 3 b) . The significance level of the trends, over the three decades of research is p < 0.001. Slope (Q) values in the epilimnion section are Q = -0.494, in the complete water column they are Q = -0.714 and at the bottom of the lake they are Q = -1.881. Moreover, a decrease in the interannual fluctuations of TP (see Fig. 3a ) could also be detected. Fig. 3 demonstrates that there is a change in the different TP levels, comparing the earlier years with the latter years of the research. Therefore, we divided the overall period of investigation into two sections due to the visible change in the trophic development in the second half of the 1990s. The idea of a transition period around the years 1996/1997 is further supported by applying the MannWhitney-Pettitt-Test. It can be assumed that the first period, from 1984 till 1996, was under greater nutrient input pressure and the second, from 1997 till 2009, was under less trophic impact (see Fig. 3a ).
In this next section, we will examine another indicator of the eutrophic condition of the lake -the chlorophyll-a concentration. The chlorophyll-a concentrations of phytoplankton found in the waters are naturally associated with primary production (Schwörbel & Brendelberger 2005), which in turn influences the trophic development in Lake Ammersee. Fig. 4 clarifies the development of annual averages with standard error bars of chlorophyll-a concentrations in the epilimnion over the entire study period. Up to the year 1997, a gradual decrease in the cholorophyll-a values was recorded. Around the turn of this century, higher concentrations of cholorophyll-a, with average values of 7.4 µg l -1 , were detected in the epilimnion. Since then, an even bigger decrease in the chlorophyll-a values can be determined. This general trend (n = 26, p < 0.001, slope (Q) = -0.225) in the decrease of chlorophyll-a concentrations from 1984 to the present (Fig. 4) , can be compared with the development of TP concentrations during the same period of time (Fig. 3a and 3 b) .
In the first decade of the 21st century (more pre- . The values did not exceed 6 µg l -1 , but the concentrations in recent years have been much higher.
Subsequently, we examined the visibility depths of the Secchi disc at Lake Ammersee over the period of study. Light permeability in water is used as an indicator of sight depth and is usually determined by the so-called Secchi disc (Schwoerbel & Brendelberger 2005) . Within the range of layers near the surface, sight depth is clearly dependent upon the presence of phytoplankton and/or upon the concentration of chlorophyll-a (Lenhart 1987) , as well as upon the turbidity derived from solids in suspension. Until about 1990, the Secchi disc was visible, on average, up to a depth of 4 m, while from 1991 to 1997 it was visible at depths even greater than 4 m (Fig. 5) . But, in contrast to the other variables mentioned before, light permeability does not show a clear trend, and the Mann-KendallTest does not give a result of significance.
Finally, we tried to determine if there is a relationship between the epilimnion chlorophyll-a concentration and other trophic variables (Fig. 6) . Despite there being no clear relationship between chlorophyll-a and transparency variables throughout the entire period of investigation (measured by the Secchi depths), in the first few years of observation, a relationship can, nevertheless, be detected. During the years 1984 -1996 a noticeable relation (n = 13, R 2 = 0.41) is detectable (Fig. 6a) . By omitting the results obtained in 1991, an even stronger connectivity can be noticed (R 2 = 0.79). On the other hand, the coherency between chlorophylla and other trophic variables is more evident. More precisely, the oxygen content of the metalimnion is related to chlorophyll-a concentrations (Fig. 6b) if the study period from 1985 -2009 is considered (n = 25, R 2 = 0.43). Results of the comparison of chlorophyll-a content (Fig. 6c) and the TP concentrations lead to the clearest dependency (n = 26, R 2 = 0.56) of these two variables.
Representation of the nature and extent of climate variability
In this section, the results obtained regarding the thermal development of Lake Ammersee are presented and the consequences of these changes, in relation to the thermal stratification, are examined. First of all, the temperatures of the different layers in the water body throughout the seasons are depicted. After this, the development of the water temperature at the inflow of the lake (the Ammer river), and the development of the temperatures of the summer air and of the water will be compared. Finally, the development of the thermal stability tendencies of the lake will be examined. The following table shows the overall temperature, characteristic of Lake Ammersee on the basis of statistical parameters, for the entire investigation period in relation to the different seasons, without taking into account a temporal dynamic. Table 4 provides an overview of the mean values and gives, with the standard deviation values, the fluctuation range of water temperature (for the different seasons) at the surface and at the bottom of the lake. In addition to the average values of the lake's water temperature, the temporary fluctuations in the temperature of the tributaries that carry the water to the lake may indicate other trends that need to be considered. Fig. 7 shows that the annual average water temperature (°C) in the river Ammer (inflow into the lake) has been gradually increasing since 1984. The MannKendall-Test gives a significance level of p < 0.05 for this trend and the Q Sen's slope value is about 0.038 (n = 26).This trend corresponds to an increase in water temperature at the inflow to Lake Ammersee of approximately 0.4 K per decade during the investigation period.
In addition to the above, we also analysed temperature changes in the lake water, as well as trends in the air temperature of the study area, in particular during the warmest months (June, July and August) of the year. Fig. 8 compares the air temperatures of the nearby meteorological station at Hohenpeißenberg (for location see Fig. 1 ) with the water temperature at the centre of Lake Ammersee. Here, we compare the values of the average daily air temperatures during the typical summer months (June, July, August) with the average water temperatures at the surface of the lake in the summer (mean values of temperature measurements in 0 -2 m water depth). Water temperatures during the other seasons ceased to be examined because no trend was recognizable.
In Fig. 8 , an increase in the temperature at the lake's surface is visually presented. This is consistent with the increase in air temperature and also with the thermal increase in the tributary waters of the Ammer ( Fig. 7) . By statistically comparing water and air temperature, a Pearson's correlation coefficient of 0.81 (omitting results from the year 2006) can be ascertained. Q Sen's slope estimate of water (air) temperature was computed at 0.056 (0.057). Using the MannKendall-Method test, the significance value for water (air) temperature trend was p > 0.05 (p < 0.01).
We furthermore examine whether and to what extent these increased temperatures particularly affected the internal thermal structure in the waters. Table 5 depicts the statistical values of the thermal SchmidtStability (Schmidt 1928 ) development of Lake Ammersee. Table 5 shows that the yearly maximum stratification values fluctuate with peaks of 8.10 KJ m -2 (2003) and 7.65 KJ m -2 (2006). In these two years, the thermal stability was about 30 % or 23 % higher than the mean average of all annual summer peaks of 6.22 KJ m -2 within the complete study period (1984 -2009 ). Fig. 9 shows this development by yearly maximum SchmidtStability values, calculated from the temperature profile, with error bars.
In Fig. 9 , we observe that high stability values are strongly related to higher water temperatures, as was expected. Indeed, 1994 (a value of 7.79 KJ m -2 could be estimated) seems to show a particular behaviour. Even if, in 1994, a comparatively high stability condition was present, the level of the average water temperature in summer was not as high as in 2006. An evaluation of the daily temperature profiles shows that the temperature contrast between the epilimnion and the metalimnion in 1994 was higher than in 2006, which led to an increased layering stability. Applying Mann-Kendall's trend statistics, we can only find significance if we analyse the period from 1984 until 2006 (n = 23, p < 0.01, slope (Q) = 0.062). Because of low stability maxima in the years 2007, 2008 and 2009, a trend test for the complete study period does not give us a significant result. However, the Q Sen's Slope is positive, with a value of 0.030 (n = 26, 1984 -2009), which leads us to conclude that an increase of thermal stability during the whole study period is detectable. 
Discussion
Our study shows that the water characteristics of Lake Ammersee are strongly influenced by anthropogenic activities in its catchment area. According to Lenhart (1988) , the mesotrophic state of Lake Ammersee is secured because no essential negative load changes are expected as a result of nutrient input from the catchment area. Without human influence, Lake Ammersee would potentially be a natural oligotrophic lake, similar to many deeper pre-Alpine lakes (Kucklentz 2001) . The land-use history (especially concerning the consequences of the nutrient load in the tributaries) has changed during the last decades and its history is well documented. Therefore, it is possible, that these changes in nutrient load could be related to the limnological response of the lake. These changes especially influence the nutrient input in the lake which itself influences lake-internal budget processes. For this reason, in this section, we are going to discuss changes in trophic status related to anthropogenic impact, after which we will analyse whether the results allow us to infer or distinguish a link between water characteristics and climatic tendencies. We also show the dependency of reviewed limnological variables reflecting the trophic status. In addition, we will discuss to what extent the results obtained from Lake Ammersee can be generalised to other regions nearby, or to regions at equal latitude.
Trophic development of Lake Ammersee in relation to the land use in the catchment area
In Lake Ammersee, the water quality had been improving as a result of increased oxygen concentrations from 1985 until the beginning of the most recent decade. Indeed, the decade 1990 -2000 ended with annual averages of more than 10 mg l -1 of oxygen in the hypolimnion, which were the highest values ever measured in the entire period of study (Fig. 2c) .
Since 2002, there has even been a tendency for a decrease in the annual averages of the hypolimnion. Therefore, it can be assumed that a trend demonstrating higher concentrations of oxygen did not continue into the current decade (2000 -2010) , because another rather small decrease in oxygen concentrations in the waters can be observed.
It is possible that the low oxygen contents in the thermocline of 1990 continued to influence 1991, so that, due to increased circulation, no large amounts of oxygen could enter the depths or, possibly, oxygen was consumed because of higher primary production activity. The nutrient supply in the hypolimnion was relatively high in 1991 (Fig. 3b) , which leads us to assume that primary production had increased. A similar development can be observed concerning other trophic parameters such as TP concentrations (Lenhart 1993 , 2000 , Ernst et al. 2009 ). This means, in the case of Lake Ammersee (Fig. 3a and 3 b) , that this decreasing trend in the TP concentrations in the complete water column will not continue. In particular, this is identified in the waters directly above the sediment. Here, the average of 11.31 µg l -1 in 2009 is the highest annual average of the last six years (Fig. 3b) .
It was assumed that the wastewater in the catchment area of the Ammer was responsible for about 80 % of the TP pollution of the lake (Lenhart 1993) . Up until the 1990s, the load of phosphorus concentrations in the Ammer was reduced by about 90 %. Also, measures are now taken to keep the nutrient load in the drainage areas as small as possible. The significant improvement in water quality of the lake inflow (Ammer stream) is evident in the TP concentrations of the lake itself ( Fig. 3a and 3 b) . It has already been established that the TP-load from inflows is connected to the trophic condition of a lake. Several studies, such as those that have been carried out in China, clarify the impact of that influence (Liu et al. 2009 , Xu et al. 2010 . Above all, a reduction in the TP-load in the lake is a necessary requisite in terms of improving water quality (and the trophic state), and this can be observed in the upper Italian lakes (Salmaso et al. 2007) . During the 1970s and 1980s appropriate measures were taken to reduce the phosphorus load in the inflows of Lakes Lugano and Maggiore, inflows but the lake TP has remained at the same level in the last 30 years. For some lakes, a rise in the TP has even been detected (Lakes Garda and Iseo). The reduction of the P-load in the catchment area of Lake Geneva has been more successful, ensuring that the TP-level in this lake remains at a stable level of around 20 µg l -1 (Tadonléké 2010) . But in contrast to Lake Ammersee, the TP level of Lake Geneva has on average, been approximately twice as high during the last decade.
The chlorophyll-a parameter suggests that these results confirm a trend of re-oligotrophication of Lake Ammersee, to the extent that chlorophyll-a can be interpreted as a biomass parameter. Therefore, the reduced nutrient input leads here to a reduction in the entire biomass production (Figs 3, 4 ). An exception in chlorophyll-a concentration dynamics was detected in 1999. In this year, the peak was above 15 µg l -1 . It is obvious that a "century flood" was responsible for the high value, since the phenomenon was associated with an increase in the biomass inflow into the lake. Moreover, increased nutrient input via the inflow leads to an increased biomass production in the lake. The peak in the epilimnion occurred in June 1999, immediately after the flood. These results are consistent with other studies at Lake Ammersee (Lenhart 1993 (Lenhart , 1998 (Lenhart , 2000 .
In general, it should be assumed that a lower water transparency results from an increase in biomass production. Nevertheless, in Lake Ammersee this relationship cannot be continuously observed. This is because the suspended particles input should also be taken into consideration in order to evaluate water quality (Lenhart 1987) . In Fig. 5 the development of the visibility depth is presented for the period 1984 to 2009. The light permeability of the water is, in particular, determined by suspended mineral particles, which drain from the Ammer into the lake. Floods which result in an increase in the input of suspended mineral particles affect the Secchi depth of the waters, as has been observed at Lake Ammersee. Poor light permeability can occur even though there may be no particularly high biomass production in the water (Steinberg 1978) . Despite the current slight downward trend in lake visibility, it is, at present, better than in the 1980s. The August flood in 2005 may have influenced the annual average, but this supposition is unreliable given the period of time which elapsed between when the flood took place and when measurements were taken. If we take into account the light transmission ratios over a period of 20 years, however, the last decade of the 20 th century was, in this respect, better than the first decade of this current century. Thus Secchi depth alone cannot be used as a measure of trophic relationships. The high input of suspended mineral load of the Ammer does not necessarily result in a deterioration of the trophic state due to increased nutrient input. Therefore, other trophic variables and their relationship to each other, and especially to chlorophyll-a concentrations, should also be considered.
On closer examination of oxygen and TP concentrations, it is possible to divide trophic development into different periods. For Lake Ammersee the following phases may be distinguished, which are mainly shown by the dynamics of the TP concentrations. High concentrations of this nutrient, with values of about 60 µg l -1 could be observed throughout the 1980s (Fig. 3 and Lenhart 2000) . In the middle of the1990s, a phase of re-oligotrophication occurred and the mesotrophic condition stabilized (Lenhart 1998) . These interpretations can also be supported by evidence provided by the Mann-Whitney-Pettitt-Test results carried out in this study, which led us to identify a transition period around the years 1996/1997.
We can divide the trophic development of Lake Ammersee in the last 25 years into two periods. This is also possible due to a relationship between different trophic variables reflecting the trophic state of the Lake. This is expressed in more detail in Fig. 6c , where the data representing the more recent years, which account for values of better water quality because of lower TP concentrations, can also be connected to lower chlorophyll-a concentrations on the left part of the straight line. The data representing the more eutrophic years, until the mid-90 s, can be found on the right side of the graph. It is obvious that the chlorophyll-a biomass parameter will have an effect on the metalimnion oxygen concentrations (Fig. 6b) . A correlation between Secchi depths and chlorophylla can be found only if the annual values for the years 1984 -1996 are considered. It seems to be more difficult to find a relationship between water transparency and chlorophyll-a in Lake Ammersee during the period of re-oligotrophication after the mid-1990s (Fig  6 a) . This might be because under lower chlorophyll-a concentrations, water transparency -which is influenced by the input of suspended particles from the Ammer -becomes more significant. From our investigation it was possible to identify the relationship between chlorophyll-a concentrations and other trophic variables during the trophic history of Lake Ammersee. We found that the trophic parameters show an improvement of water quality until the turn of the 21 st century but subsequently there was no further improvement in water quality. This leads us to examine whether the current trophic condition is because a "maximum of water quality" has already been achieved or whether it is a result of the impact of a higher thermal input as a consequence of climate change.
Nature and extent of climate variations and possible consequences for the trophic conditions in Lake Ammersee
Regardless of the changes concerning the trophic characteristics described above, the results of this study also show thermal changes in Lake Ammersee. The water temperature of the annual inflow into the lake has increased in the last three decades. However, a visible trend (Fig. 8) can only currently be determined in the summer months in the surface waters of the lake. This could be due to hotter summers in recent decades warming the upper layers of the water. Our results agree with those of other observational studies, especially in the summer ( We only refer to the surface waters in our investigations because interpreting the causes of an increase in the temperature of the hypolimnion is more complex due to, for example "sawtooth" effects (Livingstone 1997 , Salmaso et al. 2007 ).
The meteorological measuring station at Hohenpeißenberg is approximately 20 km from the water temperature measuring point in Lake Ammersee. Nevertheless, a strong correlation between the summer values is shown (Fig. 8 , Pearson correlation coefficient 0.81). Figure 8 demonstrates that the incidence of particularly high summer water temperatures seems to increase, particularly in 2003 and 2006. With increased heat content, increased stratification stability can evolve in these summer months (Schindler et al. 1996 , Livingstone 2003 . The thermal structure of the lake clearly responds to climate variability, especially with regard to the standard errors (Fig. 9) . The question of whether a change in thermal structure (such as an increased thermal stability) may also have ecological consequences has been investigated in several studies (Livingstone 2003 , Jankowski et al. 2006 , Huber et al. 2008 , Adrian et al. 2009 , Rempfer et al. 2010 , Straile et al. 2010 ).There is a danger of a depletion in oxygen concentrations (Forsberg 1989 , Niemistö et al. 2008 ) with increased stratification. This was notably the case for 2003 compared to the long-term average. Here the amount of oxygen in the water was less with increased layering stability than had been the case during years of intensified circulation (Vetter 2010) .
It therefore becomes clear, regarding the water temperature in Lake Ammersee, that extreme summer weather has become more frequent. The models of the IPCC (Solomon et al. 2007 ) show an intensified development of these positive anomalies of temperature. These structural changes in Lake Ammersee show a clear response in the chemical and physical reaction of waters under the alterations of special meteorological conditions.
Concluding remarks
Trophic conditions throughout the whole vertical profile of Lake Ammersee have improved in recent decades. Over the last 25 years our results indicate that the efforts taken to control water pollution in the catchment area have had a much greater impact on the trophic development in Lake Ammersee than any possible effects of climate change. Similar results can be found in streams under climate change conditions (Verdonschot 2009 ). It is clear that for many lakes, nu-trient conditions in the catchment area affect the trophic conditions of the lake more significantly than does climate change (Huber et al. 2008 Rinke et al. 2009 , Tadonléke 2010 . Many authors insist, nevertheless, that the differing effects of these two factors merit further consideration in future research (Salmaso et al. 2007 , Liu et al. 2009 , Rimmer et al. 2011 .
Since the beginning of the 21st century, the trend demonstrating improvement in the trophic level at Lake Ammersee has not continued. The current stabilisation of this trophic level could signify that measures taken to improve the water quality have been most effective and that a "peak in water quality level" in the catchment area has already been achieved. On the other hand, these observations may result from the water body reacting to climate change. In this study, especially the analysis of chlorophyll-a concentration permits a statement about the trophic level of the lake. Certainly it was demonstrated that this variable is related to other trophic variables like TP, oxygen and water transparency in Lake Ammersee.
The effects of increases in air temperature on Lake Ammersee are coupled with the direct anthropogenic influence of more recent regional development. It is difficult to isolate the effects of each variable and therefore we should not reject the idea of a possible interaction between these two factors (Álvarez-Cobelas et al. 2005) . The possible consequences of the combined effects of these two factors on the water quality of Lake Ammersee are difficult to predict. Some studies in south-western Europe have shown that the potential influence of climate change on continental aquatic ecosystems can contribute to intensifying the pre-existing impacts of anthropogenic influence (Álvarez-Cobelas et al. 2005 , Álvarez-Cobelas 2007 . These estimates are consistent with studies examining the impact of past climate periods such as the Little Ice Age (Sousa & García-Murillo 2003 , Sousa et al. 2006 or climatic variations at the end of the late 19 th /early 20 th century in different aquatic ecosystems in the south of the Iberian Peninsula (Sousa et al. 2009 (Sousa et al. , 2010 .
The evidence of environmental impact caused by climate change in connection with a thermal increase in Lake Ammersee remains difficult to distinguish from the impact of land use. However, in our opinion, the Lake Ammersee ecosystem responds to climate-related changes in connection with global warming. Furthermore, these signs must be taken seriously because they may lead to further possible changes (Adrian et al. 2009 ). Danis et al. (2004) conclude that Lake Ammersee is expected to undergo a dramatic and persistent lack of mixing starting from 2020, when European air temperatures should be 1 K higher. They also maintain that the resulting lack of oxygenation will irreversibly destroy the deepwater fauna which has prevailed for 15 kyrs. The scenarios modelled by Danis et al. (2004) took into account results from previous observations as well as knowledge of existing relationships in Lake Ammersee, or in other lakes.
The role that climate change plays in relation to the future trophic status of Lake Ammersee cannot be estimated on the basis of previous research currently. It is clear that changes in the nutrient budget will play a greater role in biomass development, as this can cause a change in temperature of a few tenths of a degree. Thus, the anthropogenic influence due to atmospheric warming (Solomon et al. 2007 ) should be further investigated for its possible impact on the trophic conditions in lakes, such as Lake Ammersee. In order to investigate this assumption, it is necessary to carry out more intensive observations (long term monitoring) and, above all, modelling of the temperature behaviour and of the distribution of materials in the waters under different regional climatic conditions (Malmaeus et al. 2006 , Huber et al. 2008 , Fang & Stefan 2009 , Mooij et al. 2010 .
